Picornaviruses (PV) include human rhinovirus (HRV), the primary cause of the common cold, and the enteroviruses (EV), which cause serious diseases such as poliomyelitis, meningoencephalitis, and systemic neonatal disease. Although no compounds for PV infections have been approved in the United States, pirodavir was one of the most promising capsid-binding compounds to show efficacy in human clinical trials for chemoprophylaxis of the common cold. Susceptibility to hydrolysis precluded its use as an oral agent. We have developed orally bioavailable pyridazinyl oxime ethers that are as potent as pirodavir. Compounds BTA39 and BTA188 inhibited a total of 56 HRV laboratory strains and three clinical isolates as determined by neutral red uptake assay. At concentrations of <100 nM, BTA39 inhibited 69% of the HRV serotypes and isolates evaluated, BTA188 inhibited 75%, and pirodavir inhibited 59% of the serotypes and isolates. The 50% inhibitory concentrations (IC 50 s) for the two compounds ranged from 0.5 nM to 6,701 nM. The compounds also inhibited EV, including coxsackie A and B viruses (IC 50 ‫؍‬ 773 to 3,608 nM) and echoviruses (IC 50 ‫؍‬ 193 to 5,155 nM). BTA39 only inhibited poliovirus strain WM-1 at 204 nM, and BTA188 only inhibited poliovirus strain Chat at 82 nM. EV 71 was inhibited by BTA39 and BTA188, with IC 50 s of 1 and 82 nM, respectively. Both compounds were relatively nontoxic in actively growing cells (50% cytotoxic doses, >4,588 nM). These data suggest that these oxime ethers warrant further investigation as potential agents for treating selected PV infections.
The virus family Picornaviridae is a large group of plusstrand RNA viruses with different host ranges and disease symptoms but with similar genome organization and replication strategies. These viruses are small icosahedral particles composed of four capsid proteins coating the single-strand RNA. The viral groups in this family causing significant human disease are the Enterovirus, Rhinovirus, Hepatovirus, and Parechovirus genera. The diseases caused by the viruses in these four genera include a range of febrile colds and sore throats, acute hepatitis, poliomyelitis, neurological disease, ocular disease, cardiac and muscular disease, and severe neonatal disease (5) . The coxsackieviruses and the echoviruses of the Enterovirus genus have also been implicated as the etiological agents of hemolytic-uremic syndrome (5) . For decades, coxsackie B viruses have also been speculatively linked to juvenile-onset insulin-dependent diabetes mellitus and to chronic (postviral) fatigue syndrome because of their predilection for muscle tissue (5) .
Because this virus family causes a variety of serious, acute infections and there are few effective vaccines against many of these viruses, there has been constant effort to find efficacious antiviral chemotherapeutic agents for their control. Most of the agents discovered thus far have either targeted key viral proteases (7) or viral RNA replication (10, 19) or have interacted with the viral capsid, some by preventing uncoating (2, 12, 17) . AG7088 {ethyl-3-[(5Ј-methylisoxazole-3Ј-carbonyl)--Val⌿-[COCH 2 ]-L-Phe(4-F)-L-[(S)-Pyrrol-Ala]]-E-propeno-ate}, a protease inhibitor, was designed to irreversibly inhibit rhinovirus 3C protease, a key enzyme for viral polypeptide production (13, 16) . Enviroxime {[2-amino-1-(isopropylsulfonyl)-6-benzimidazole phenyl ketone oxime]} is a rather broadspectrum picornavirus inhibitor that is thought to inhibit RNA replication by targeting the 3A protein-coding region of the viral RNA (10) . Among the substances interacting with capsids, zinc is thought to bind to the surface canyon sites of rhinovirus to prevent attachment (15) , although there is disputed evidence whether zinc-containing lozenges actually are therapeutic (11) . Pleconaril {[3-[3,5-dimethyl-4-[(3-methyl-5-isoxazolyl)propyl] phenyl]-5-(trifluoromethyl)-1,2,4-oxadiazole]}, pirodavir {ethyl 4-[2-[1-(6-methyl-3-pyridazinyl)-4-piperidinyl]ethoxy]benzoate}, and the Sterling-Winthrop set of compounds (e.g., disoxaril) inhibit viral attachment and/or virus uncoating (6) . Some of these compounds are not very orally bioavailable (18) , although pleconaril does have that capability. AG7088 and pleconaril have been or are in clinical trials in the United States (18) , but neither has been approved for clinical use.
Most of the capsid-binding inhibitors reported on to date are represented by the compounds shown in Fig. 1 (8, 14) . One of those agents, pirodavir, is a rather potent, broad-spectrum picornavirus inhibitor. It inhibited 80 of the 100 human rhinovirus (HRV) strains tested at a concentration of 64 ng/ml (2) . In that same study, pirodavir was also effective in inhibiting 16 enteroviruses, with a mean 80% inhibitory concentration (IC 80 ) of 1,300 ng/ml. In clinical trials, however, pirodavir was not therapeutically efficacious when given intranasally, although it was effective prophylactically (9) . It appears that the lack of clinical therapeutic effect was due to the poor pharmacokinetics of pirodavir, probably because it undergoes facile hydrolysis of the ester functionality to an inactive acidic form in vivo (3) .
Given the promise shown by pirodavir, a synthesis approach was developed leading to the discovery of novel pyridazinyl oxime ether compounds that are related to the structure of pirodavir and are orally bioavailable (20) . We considered that a particularly important area for exploration was the preparation of analogues of pirodavir with stable bioisosteres of the ethyl ester group (Fig. 1 ). In previous work, we found that a chloropyridazine analogue (ethyl 4-{2-[1-(6-chloro-3-pyridazinyl)-4-piperidinyl]ethoxy}benzoate) of pirodavir had anti-HRV activity that was essentially equivalent to that of pirodavir; therefore, for ease of synthesis, we used chloropyridazine intermediates 1-(6-chloro-3-pyridazinyl)-4-piperdineethanol and 3-chloro-6-[4-(2-chloroethyl)-1-piperidinyl]pyridazine for reactions with a variety of phenols (20) . We found, for example, that the aldehyde, ketone, and hydrazide analogues of the chloropyridazine analogue of pirodavir were all much less active than pirodavir. In addition, benzaldehyde 4-[2-[1-(6-chloro-3-pyridazinyl)-4-piperidinyl]ethoxy]-O-ethyloxime (BTA39), which was derived from 1-(6-chloro-3-pyridazinyl)-4-piperdineethanol, and benzaldehyde 4-[2-[1-(6-methyl-3-pyridazinyl)-4-piperidinyl]ethoxy]-O-ethyloxime (BTA188) were highly active against selected HRV strains, and both appeared to be orally bioavailable in animal models (18) . We now present an extensive report on the antipicornavirus activity of these two pyridazinyl oxime ethers, comparing this activity to that of pirodavir, which was also evaluated in parallel experiments. 
MATERIALS AND METHODS
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PIRODAVIR-RELATED PYRIDAZINYL OXIME ETHERS 1767 KB cells propagated from human epidermoid oral carcinoma cells, African green monkey kidney (CV-1 and Vero 76) cells, and human lung carcinoma (A549) cells were obtained from the American Type Culture Collection. African green monkey embryonic kidney (MA-104) cells were obtained from BioWhittaker (Walkersville, Md.). Human cervical epithelioid carcinoma (HeLa Ohio-I) cells were obtained from F. Hayden (University of Virginia). The cells were grown in minimal essential medium (Gibco-BRL, Gaithersburg, Md.) supplemented with 0.1% NaHCO 3 and 5 to 9% fetal bovine serum (HyClone Laboratories, Logan, Utah), except for A549 cells, which were propagated in Dulbecco's minimal essential medium (Gibco-BRL) with high glucose and 10% fetal bovine serum. When performing antiviral assays, serum was reduced to 2% and 50 g gentamicin (Sigma Chemical Company, St. Louis, Mo.) per ml was added to the medium.
CPE inhibition assay. The protocol of Barnard et al. (4) was used. Test compounds were evaluated by using seven 1/2-log 10 dilutions. Virus was used at a multiplicity of infection (MOI) of 0.001 to 0.01. Compound was added at the appropriate concentration to near-confluent cell monolayers in 96-well tissue culture plates, immediately followed by the addition of an equal volume of virus. Each concentration of drug was assayed in quadruplicate. The MOIs used were virus dependent and chosen for each strain such that 100% of the cells in the virus controls showed cytopathic effects (CPE) within 5 to 7 days. An appropriate positive control drug (pirodavir) for each virus was included for each set of compounds tested. The CPE results were then quantified spectrophotometrically by neutral red (NR) uptake assay (see below).
NR assay of CPE inhibition and compound cytotoxicity. The NR assay was done on the same test plates described above to quantitate the antiviral activity and the cytotoxicity of the compounds. The NR assay was performed as described by Barnard et al. (4) . Absorbances at 540 and 450 nm were read with a microplate reader (Bio-Tek EL 1309; Bio-Tek Instruments, Inc., Winooski, Vt.). Absorbance values were expressed as percentages of those for untreated controls. The IC 50 s were calculated by regression analysis of the means of the absorbances expressed as percentages of untreated, uninfected control values for each concentration. The 50% cytotoxic doses (CC 50 ) were calculated by regression analysis, and a selectivity index (SI) was calculated using the formula SI ϭ CC 50 /IC 50 .
Confirmatory virus yield reduction assay. Infectious virus yields from each well used in a second CPE inhibition assay were determined as previously described by Barnard et al. (4) . After the CPE was scored as described above, each plate was frozen at Ϫ80°C and thawed. Sample wells at each compound concentration tested were pooled, and titers of infectious virus were determined by CPE assay. The wells were scored for CPE and virus titers calculated as described by Barnard et al. (4) . A 1 log 10 reduction in virus yield (IC 90 ) was then calculated by regression analysis when possible.
Virucidal assay. A virucidal test was done as previously described (4) to exclude the possibility that the compounds inhibited the virus by physically inactivating or disrupting the virion. Equal volumes of undiluted virus stock and a single concentration of compound were incubated at 37°C for 1 h. Surviving virus was quantified by CPE assay, and titers were calculated as described previously (4) . The concentrations tested bracketed the concentration determined to represent the IC 50 . Each concentration of test compound was assayed in quadruplicate.
Cell yield assay. Cytotoxicity in rapidly dividing cells was evaluated by determining the total number of cells as reflected by a NR uptake assay after a 3-day exposure to several concentrations of compound (4). To quantitate cell growth after 72 h in the presence or absence of drug, the plates were treated as described above for the NR assay. Absorbance values were expressed as percentages of those for the untreated controls, and CC 50 s were calculated by regression analysis.
MOI assay. Rhinovirus 2 (strain HGP) (HRV-2) was added to cells at different concentrations to determine the efficacy of viral inhibition of the compounds at different viral MOIs (4). The drugs were added to infected cells at various concentrations in the presence of virus at a selected MOI and were evaluated for inhibition of viral replication by CPE inhibition assay and verified by NR assay. IC 50 s and CC 50 s were determined as described above.
Timing assay. The virus yield assay used in this part of the study was performed as described above, although the time that the compound was added to the plates varied relative to the time of virus exposure (4) . Virus was added to the cells at an MOI of 2 to ensure that most every cell was exposed to virus. At the appropriate time after virus exposure (0, 1, 2, 4, 6, and 8 h postexposure), 10 M test compound in a small volume was added to the cells without removal of the virus. When a pretreatment was done (Ϫ1 h), compound was added to the wells and incubated for 1 h at 37°C, after which virus was added to each well in a small volume. At "0" time, the virus was added within 5 min of drug addition. In addition, drug was added at 24 h postinfection to determine the extent of drug carryover that might be present. At 25 h after virus exposure, all plates were frozen, and virus was quantified by virus yield reduction assay. Reduction in virus yield was calculated by subtracting the log 10 viral titer at each time period from the log 10 viral titer of the untreated control for each given time period. The experiment was done twice.
RESULTS
Rhinovirus inhibition.
Initially, the pyridazinyl oxime ethers were evaluated against HRV-2 (Table 1) . By NR uptake assay, the IC 50 for BTA39 was equal to 1.0 nM. The compound was still very inhibitory when IC 90 s were calculated from the same assays (IC 90 ϭ 1.5 nM). Since the CC 50 was 12,887 nM in non-actively growing cells and 7,465 nM in actively growing cells, the compound was extremely virus specific. The SI using the CC 50 value derived from actively growing cells was 7,465. The cytotoxicity profile of BTA39 was similar to that of pirodavir. To determine if this potent HRV inhibitory activity also reduced virus released during the infection, the compounds were also evaluated against HRV-2 in a virus yield reduction assay ( Table 1 ). The concentration required to drop the viral titer at least one log 10 was 0.4 nM for BTA39. Pirodavir was very potent in a virus yield reduction assay (IC 90 ϭ 2.3 nM). Compared to BTA39, the pyridazinyl oxime ether, BTA188, was similarly inhibitory to HRV-2 replication with an IC 50 of 0.8 nM and an IC 90 of 11 nM, but it was slightly less effective by virus yield reduction assay (IC 90 ϭ 2.1 nM). BTA188 was more toxic than BTA39, with IC 50 s of 5,420 nM in resting cells and 4,706 nM in actively growing cells. None of the three compounds physically disrupted the virus or apparently prevented binding of the virus to the cell at the concentrations tested (BTA39, Յ25,000 nM; BTA188, Յ27,000 nM; pirodavir, Յ27,000 nM), as determined by a virucidal assay.
Having established that both pyridazinyl oxime ether compounds were highly active against HRV-2, they were then evaluated against 57 other HRV laboratory strains representing the two major receptor-binding groups: those that bind to ICAM-1 and those that bind to low-density lipoprotein receptor (5) . The compounds were also evaluated against serotype 87, the only serotype that binds a sialoprotein (5) . For the other 57 laboratory serotypes tested, the IC 50 s for BTA39 ranged from 2 nM (HRV-11, -24, -59, -89, and -92) to Ͼ7,474 nM (HRV-64 and -70); for BTA188, the IC 50 s ranged from 0.5 nM (HRV-39 and -40) to Ͼ4,588 nM (RV-25 and -64); and for pirodavir, the IC 50 s ranged from 1 nM (HRV-39 and -40) to 8,130 nM (HRV-32) ( Table 2 ). Serotypes 8, 32, 64, 70, and 87 were relatively resistant to inhibition by all three compounds. BTA39 and BTA188 also inhibited three rhinovirus clinical isolates ( Table 2 ). All the clinical isolates were inhibited at concentrations of Յ299 nM by BTA39 and BTA188. Both BTA39 (mean IC 50 for three isolates, 136 nM) and BTA188 (mean IC 50 for three isolates, 57 nM) inhibited the isolates at lower concentrations than did pirodavir (mean IC 50 for three isolates, 153 nM).
Enterovirus inhibition. BTA39 significantly inhibited enterovirus 71 replication with an IC 50 value of 1 nM and an IC 90 value of 2 nM. BTA188 inhibited the virus with an IC 50 and IC 90 of 82 and 109 nM, respectively (Table 3) . Pirodavir was a much less effective inhibitor of the virus, with an IC 50 of 5,420 nM and an IC 90 of Ͼ13,350 nM.
Most coxsackieviruses, echoviruses, and polioviruses were only weakly inhibited by the pyridazinyl oxime ethers (Table  3) . Nevertheless, the two compounds still inhibited some of these viruses at higher nanomolar levels of compound. When evaluating BTA39 for inhibition of coxsackieviruses, IC 50 s ranged from 773 to Ͼ7,474 nM, for BTA188 they were from 1,359 to Ͼ4,588 nM, and for pirodavir they ranged from 2,710 to Ͼ13,350 nM. IC 50 s for echoviruses were from 67 to Ͼ7,474 nM for BTA39, for BTA188 they were from 50 to Ͼ4,588 nM, and for pirodavir the range was from 163 to Ͼ13,350 nM. Poliovirus type 1 (strain Chat) and poliovirus 2 (strain Fox) were not inhibited by BTA39, although BTA188 inhibited strain Chat at 82 nM. However, poliovirus type 3 (strain WM-1) was sensitive to inhibition by BTA39 (IC 50 ϭ 204 nM) but not to inhibition by BTA188 (IC 50 , Ͼ4,588 nM). Pirodavir only weakly inhibited the three poliovirus strains evaluated, the IC 50 s ranging from 2,331 to Ͼ13,350 nM.
Effect of viral MOI on the activity of pyridazinyl oxime ethers. The effects of increasing viral load on compound efficacy were also evaluated using BTA188 and pirodavir. For this purpose, various concentrations of virus were added to a constant amount of cells, and then each compound was evaluated for anti-HRV activity in an NR assay. The compounds inhibited HRV-2 replication at MOIs up to 2 ( Table 4) .
Efficacy of BTA188 throughout the HRV replication cycle. A time-of-addition assay was done to determine the efficacy of BTA39 and BTA188 for inhibiting HRV-2 replication when added at various times before or during virus infection (Fig. 2) . The results indicated that virus replication, at an MOI at which almost every cell was simultaneously infected, was inhibited most effectively during the early parts of the virus replication cycle by the oxime ether pyridazinamines. After 1 h post-virus exposure, viral replication was greatly inhibited by BTA188 and BTA39. All drugs demonstrated inhibition of virus production at all time periods sampled. This inhibition at later time periods was due to residual drug present in those samples set aside for titration, since drug added to the culture at the expected end of the viral replication was as inhibitory as when drug was added at 2 to 8 h after virus exposure (data not shown). 
DISCUSSION
The family Picornaviridae contains many human virus pathogens of clinical importance. Some can cause very severe, even life-threatening, diseases in neonates (5) . Although a number of compounds have entered clinical trials for the treatment of picornavirus infections, none have been approved for use. Most of the compounds target the virus capsid or the viral 3C protease, and in only a few instances have they shown beneficial effects (18) .
One of the more potent types of inhibitors of HRV is the capsid binders, such as pleconaril (6) and pirodavir (2) . Pirodavir also inhibits some of the enteroviruses of the Picornaviridae as well. Unfortunately, the compound was not efficacious in clinical trials for treating rhinovirus infections, due to lack of oral bioavailability (9) and probably lack of stability due to hydrolysis (3) . Because of the potential of pirodavir to be a broad-spectrum picornavirus inhibitor, a new class of oxime ether derivatives of pirodavir has been developed, and they have been shown to have potent antirhinoviral activity; they also appear to be orally bioavailable in animal models (20) .
We found that two of these compounds, BTA39 and BTA188, inhibit 56 rhinovirus laboratory strains and three of the clinical isolates tested. BTA39 inhibited 69% and BTA188 inhibited 75% of the rhinovirus serotypes and isolates evaluated with IC 50 s of Ͻ100 nM. This was comparable to pirodavir, which inhibited 59% of the serotypes and isolates with IC 50 s of Ͻ100 nM. BTA39 and BTA188 inhibited many of the virus serotypes in antiviral groups A and B, described by Andries et al. (1) , and many of the serotypes in the two major receptor groups at concentrations equal to or better than those for pirodavir. In addition, there appeared to be no selective inhibition of any of the HRV serotype classification groups mentioned above by the three compounds. Serotypes 8, 32, 64, 70, and 87 were relatively resistant to inhibition by all three compounds. Of these five resistant viruses, four belonged to the ICAM-1 receptor-binding group, and the other virus, serotype 87, is the only rhinovirus that uses a sialoprotein as a receptor (5) . Serotypes 8, 32, 70, and 87 belong to antiviral group A, and serotype 64 belongs to antiviral group B; these are the two groups of rhinoviruses defined by their sensitivities (or lack of) to capsid-binding drugs as described by Andries et al. (1) . Thus, these oxime ethers appear to be potent inhibitors of most rhinoviruses, regardless of the virus receptor group to which a particular serotype might belong. This suggests that the compounds bind virus and not a receptor to achieve an antiviral effect. It is also consistent with BTA188 and BTA39 acting as capsid binders, a mechanism of action shared with structurally related inhibitors such as pleconaril and pirodavir which bind to the capsid and prevent uncoating or attachment to the cellular receptor. The data from the timing assays also suggest that BTA39 and BTA188 inhibited virus production most effectively at early time periods associated with virus binding.
In addition, the two compounds were tested for inhibition of coxsackieviruses. Four of the seven coxsackie group A and B viruses tested were inhibited by both BTA39 and BTA188, albeit at much higher concentrations than were the rhinoviruses. Coxsackie B4, implicated in some of the more serious diseases caused by this group, was one of the viruses more sensitive to inhibition.
A number of echoviruses were also evaluated for sensitivity to BTA39 and BTA188. This group of enteroviruses was slightly more sensitive to inhibition by the oxime ethers than were the coxsackieviruses. A number of the strains known to be etiological agents for aseptic meningitis (i.e., 4, 11, 30, and 31) were inhibited at concentrations as low as 193 nM by BTA188 and 464 nM by BTA39, although type 31 was resistant to both drugs.
Of all the enteroviruses tested (poliovirus, coxsackievirus, echovirus, and enterovirus), enterovirus type 71 was the most sensitive to inhibition by BTA39 and BTA188. The IC 50 s were 1 and 82 nM, respectively. This particular virus is involved in (5) . Polioviruses were relatively insensitive to inhibition by all compounds, although BTA39 did inhibit the WM strain of poliovirus type 1 at 204 nM.
A second generation of compounds of the pyridazinamine series, BTA39 and BTA188, were potent inhibitors of rhinoviruses, and of enterovirus 71 in vitro in the case of BTA39, with IC 50 s comparable to those of pirodavir. Other enteroviruses were sensitive to inhibition by the oxime ethers and pirodavir as well, but at somewhat higher concentrations. However, pirodavir is not very orally bioavailable (19) , while BTA39 and BTA188 are (20) . Thus, these data and the oral bioavailability of the compounds suggest that BTA39 and BTA188 may be potential clinically useful chemotherapeutic agents for treating infections caused by the viruses in the Picornaviridae.
